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Bacillus anthracis is a Gram-positive spore-forming bacterium that causes anthrax disease in humans and
animals. Systemic infection is characterized by septicemia, toxemia, and meningitis, the main neurological
complication associated with high mortality. We have shown previously that B. anthracis Sterne is capable of
blood-brain barrier (BBB) penetration, establishing the classic signs of meningitis, and that infection is
dependent on the expression of both major anthrax toxins, lethal toxin (LT) and edema toxin (ET). Here we
further investigate the contribution of the individual toxins to BBB disruption using isogenic toxin mutants
deficient in lethal factor, �LF, and edema factor, �EF. Acute infection with B. anthracis Sterne and the �LF
mutant resulted in disruption of human brain microvascular endothelial cell (hBMEC) monolayer integrity
and tight junction protein zona occludens-1, while the result for cells infected with the �EF mutant was similar
to that for the noninfected control. A significant decrease in bacterial invasion of BBB endothelium in vitro was
observed during infection with the �LF strain, suggesting a prominent role for LT in promoting BBB
interaction. Further, treatment of hBMECs with purified LT or chemicals that mimic LT action on host
signaling pathways rescued the hypoinvasive phenotype of the �LF mutant and resulted in increased bacterial
uptake. We also observed that toxin expression reduced bacterial intracellular survival by inducing the bulk
degradative autophagy pathway in host cells. Finally, in a murine model of anthrax meningitis, mice infected
with the �LF mutant exhibited no mortality, brain bacterial load, or evidence of meningitis compared to mice
infected with the parental or �EF strains.

Bacterial penetration of the blood-brain barrier (BBB) re-
sults in meningitis and can develop into a life-threatening in-
fection or be associated with permanent neurological sequelae.
The BBB is composed of a specialized layer of human brain
microvascular endothelial cells (hBMECs), which separates
the brain and its surrounding tissues from the circulating blood
and tightly regulates the flow of nutrients and molecules (6, 7).
At the level of the microvasculature, brain endothelial cells are
joined by tight junctions, which effectively limit the passage of
substances except the smallest molecules (6, 7). Yet despite its
highly restrictive nature, certain bacterial pathogens are still
able to penetrate the BBB and gain entry into the central
nervous system (CNS). Meningitis-causing bacteria interact
with brain endothelium and can cross the BBB as live bacteria
either transcellularly or paracellularly and subsequently multi-
ply inside the CNS (29). The specific molecular and cellular
mechanisms involved in this pathogen trafficking of brain en-
dothelium may vary depending on the organism (29).

Bacillus anthracis, the etiologic agent of anthrax, is a Gram-
positive spore-forming bacterium commonly found in the soil
and can infect animals and humans (42). Anthrax is caused by
ingestion, inhalation, or cutaneous inoculation of B. anthracis
spores and their subsequent entry into host tissues (12). Spores

germinate, multiply as vegetative bacteria, and disseminate
throughout their host, causing septicemia, toxemia, and men-
ingitis (12). Anthrax meningitis is characterized by an influx of
neutrophil and monocytic cells, hemorrhage, edema, conges-
tion of blood vessels, low cerebral spinal glucose levels, and the
presence of bacteria in the cerebrospinal fluid (1, 19, 33). In
general, even intensive antibiotic therapy is often ineffective
against the rapid and lethal development of anthrax meningitis
(33).

The pathogenicity of B. anthracis relies primarily on the
major virulence factors, capsule and the toxin complexes. The
anthrax toxins, encoded by genes on the major virulence plas-
mid, pXO1, are composed of three proteins, one receptor
binding subunit, protective antigen (PA), and two catalytic
subunits, lethal factor (LF) and edema factor (EF) (12, 43). PA
forms a heptamer at the host cell membrane and binds to LF
and/or EF, yielding lethal toxin (LT) and edema toxin (ET),
respectively (15). The complex is then internalized and under-
goes acidification, necessary for LF or EF translocation into
the cytosol. Once in the cytosol, LF acts as a metalloprotease
and cleaves members of the mitogen-activated protein kinase
kinase (MAPKK) family, consequently disrupting signaling
pathways (15, 59). EF is a Ca2�- and calmodulin-dependent
adenylate cyclase that generates high levels of cyclic AMP in
the cell (36, 37) and contributes to virulence by inducing anti-
inflammatory cytokines and suppressing lipopolysaccharide-
mediated inflammatory tumor necrosis factor alpha release
(25, 45). The coordinated action of both anthrax toxins ensures
successful infection and overall virulence.
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Central to the development of anthrax meningitis is the
presence of bacilli in the CNS, suggesting the presence of
factors that allow B. anthracis to traffic the BBB (1, 19). In
order to identify these factors, we have previously developed in
vitro and in vivo models of anthrax meningitis (58) and dem-
onstrated that both anthrax toxins inhibit neutrophil signaling
pathways and ultimately contribute to BBB penetration (58).
However, the role of each individual toxin in the pathogenesis
of meningitis has not been studied. Here we use isogenic bac-
terial mutants lacking EF or LF to examine the contribution of
these toxins to BBB disruption, invasion, trafficking, and the
development of meningitis during live bacterial infection. Our
results suggest that both toxins contribute to BBB penetration
in different ways but that LT plays a more prominent role in
disease progression.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacillus anthracis Sterne 7702 (pXO1
positive, pXO2 negative), the toxin mutant derivatives, and Bacillus thuringiensis
(obtained from the Bacillus Genetic Stock Center, OH) were grown in brain
heart infusion broth (BHI; Sigma) as shaking cultures under aerobic conditions
at 37°C. Log-phase cultures of all strains were grown to an optical density at 600
nm of 0.4 (1 � 107 CFU/ml). The strain deficient in LF and EF toxins (�LF/EF)
and mutants deficient in a single toxin (�LF and �EF) were generously provided
by Scott Stibitz (Center for Biologics Evaluation and Research, Bethesda, MD)
and described previously (27). The growth kinetics of all strains were similar in
BHI and tissue culture medium under the experimental conditions used in our
assays.

Endothelial cell culture and invasion assays. The human brain microvascular
endothelial cell line, obtained from Kwang Sik Kim (Johns Hopkins University,
Baltimore, MD), has been described previously (53, 54). hBMECs were cultured
using RPMI 1640 (Gibco), supplemented with 10% fetal bovine serum (FBS;
Gibco), 10% Nuserum serum replacement (BD Biosciences, San Jose, CA), and
modified Eagle’s medium nonessential amino acids (Gibco) without addition of
antibiotics. Cultures were incubated at 37°C with 5% CO2. Tissue culture flasks
and 24-well plates were precoated with 1% rat tail collagen to support hBMEC
monolayers.

B. anthracis Sterne and mutant strains were analyzed for their capacities to
adhere to and invade hBMECs as described previously (13, 16, 58). Briefly,
hBMECs were seeded in collagen-coated 24-well tissue culture plates until they
reached 90 to 100% confluence. Early-log-phase bacteria were pelleted, washed
with once phosphate-buffered saline (PBS), and diluted in RPMI 1640–10%
FBS. An inoculum of 1 � 105 CFU/well (multiplicity of infection [MOI], 1 to 3)
was added to hBMEC monolayers in a final volume of 500 �l, and plates were
incubated at 37°C with 5% CO2. To quantify the number of adherent organisms,
hBMEC monolayers were incubated with bacteria for 45 min, washed five times
with PBS to remove nonadherent bacteria, and disrupted by the addition of
0.025% trypsin–EDTA–Triton X-100 solution. To quantify intracellular bacteria,
hBMEC monolayers were incubated with bacteria for 2 h, followed by the
addition of gentamicin (50 �g/ml) for 15 min to kill extracellular bacteria. The
monolayers were washed three times with PBS and disrupted by the addition of
0.025% trypsin–EDTA–Triton X-100 solution. Enumeration of adherent and
intracellular organisms was performed by plating serial dilutions on Todd-Hewitt
broth (THB; Sigma) agar plates. To quantify intracellular survival over time,
intracellular bacteria were enumerated at the indicated time points after genta-
micin treatment. Purified LF and PA were kindly provided by Stephen Leppla
(National Institutes of Health, Bethesda, MD). Toxin proteins were diluted in
sterile PBS, and hBMECs were incubated with 1 �g LF and 2 �g PA 30 min prior
to infection. For MAP kinase assays, hBMECs were incubated with 10 �M
UO126 (Sigma) or 10 �M SB202190 (Sigma) for 30 min prior to infection. All
assays were performed at least in triplicate and repeated at least three times.

ECIS assays. The electric cell-substrate impedance-sensing (ECIS) system and
electrode arrays (Applied BioPhysics, Inc., Troy, NY) were used to monitor
monolayer integrity as described previously (35). hBMECs were grown on 30%
collagen-coated 10-well electrode (8W10E) arrays until stable resistances of 800
� were reached. Confluent monolayers of hBMECs were infected with B.
anthracis Sterne, �LF/EF, �LF, or �EF at an MOI of 0.1, and electrical resis-
tances were recorded every 5 min for 12 h postinfection. Changes in transendo-
thelial electrical resistance were then calculated according to the model of

Giaever and Keese (20–22, 38). This method is based on noninvasive measure-
ment of the frequency-dependent electrical impedance of cell-covered gold-film
electrodes. The overall impedance of the system arises from three sources: the
cell membrane capacitance (Cm), the resistance from the cell-electrode interac-
tion (�), and the barrier function properties of the cell monolayer (Rb). Decon-
volution of the overall ECIS signal into these parameters was performed by the
ECIS software by fitting the mathematical model derived by Giaever and Keese
(20) to the experimental data by least-squares optimization procedures. Once the
barrier function of the cells is completely disrupted, the model is no longer valid,
so loss of cells attached to the electrodes, i.e., cell monolayer integrity, was
monitored by measurement of the reactance at 64 kHz (Fig. 1B). Controls were
graphed as a function of the average producing a Rorschach ink blot. Duplicate
samples were averaged.

ZO-1 staining. The hBMEC tight junction protein zona occludens-1 (ZO-1)
was visualized following infection with B. anthracis Sterne or toxin-deficient
mutants (1 � 106 CFU) as described previously (16). Following a 3- to 4-h
incubation at 37°C, cells were washed three times with PBS, fixed in 4% para-
formaldehyde, and permeabilized in 0.25% Triton-X. hBMECs were incubated
in 2% goat serum, followed by incubation with 5 �g/ml anti-ZO-1 antibody
(Invitrogen) overnight at 4°C. Cells were washed 3 times in PBS and then
incubated with 5 �g/ml secondary antibody (Alexa Fluor 594-conjugated anti-
rabbit). Slides were mounted in Vectashield mounting medium (Vector Labo-
ratories) containing 4�,6-diamidino-2-phenylindole (DAPI), and images were
digitally collected as stacks at a �40 magnification on a Zeiss Axio Observer Z1
inverted microscope optimized for fluorescence equipped with a monochrome
AxioCam MRm camera for imaging. Final images were produced using ImageJ
software. Quantification of ZO-1 fluorescence was determined using the wavelet
decomposition algorithm as we have described previously (16). The ZO-1 signal
was represented as the number of bright pixels in our image and quantified in our
program. Cell monolayer density was also quantified after infection by cell count.

Cytotoxicity assays. To quantify cytotoxicity, the concentration of lactate de-
hydrogenase (LDH) in cell culture medium was assayed with a CytoTox 96
nonradioactive cytotoxicity assay kit (Promega) according to the manufacturer’s
instructions.

GFP-LC3 imaging. To examine the autophagy response in hBMEC, cells were
transfected with a green fluorescent protein (GFP)-tagged LC3 (26). At 24 h
posttransfection, cells were incubated for 2 h with B. anthracis Sterne �LF/EF,
�LF, or �EF mutants at an MOI of 10. Autophagosome induction was deter-
mined by quantifying GFP-LC3 punctae in a population of at least 200 cells. Cells
were classified as either having diffuse GFP-LC3 fluorescence (0 to 30 GFP-LC3
dots/cell) or having numerous punctae GFP-LC3 structures (�30 GFP-LC3
dots/cell).

Mouse model of hematogenous meningitis. All animal experiments were ap-
proved by the Committee on the Use and Care of Animals at San Diego State
University and performed using accepted veterinary standards. As described
previously (16, 58), 9-week-old outbred immunocompetent female CD-1 mice
(Charles River Laboratories, Wilmington, MA) were injected intravenously with
0.1 ml B. anthracis Sterne or a toxin-deficient mutant (1 � 106 CFU, n 	 6 to 10
mice per group). Mice were monitored for signs of infection at least twice a day
and euthanized when they became moribund. To assess the contribution of the
toxins to BBB penetration, mice were euthanized at 43 h postinfection. Blood
and brain and were collected and plated to determine bacterial counts in each
tissue. Half of the brain was stored in 4% paraformaldehyde for further histology
analysis, performed at the University of California, San Diego, Histopathology
Core Facility (N. Varki, director). To quantify bacterial survival in whole mouse
blood, blood was harvested from 9-week-old CD-1 mice. B. anthracis and the
toxin-deficient mutants were incubated in whole mouse blood at 1 � 106 CFU/
ml, and samples were taken at specific time intervals and serially diluted on THB
agar to determine bacterial survival over time.

Statistical analysis. Graphpad Prism (version 4.03) software was used for
statistical analysis. Differences in adherence, invasion, and bacterial counts in
tissues were evaluated using an unpaired Student’s t test. Statistical significance
was accepted at P values of 
0.05.

RESULTS

Edema toxin contributes to disruption of brain endothe-
lium. Disruption of tight junctions and paracellular traversal
between brain endothelial cells is one strategy employed by
microbial pathogens to penetrate the BBB (29). As anthrax
toxins have been implicated in promoting vascular permeabil-
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ity (5, 9) and endothelial cell dysfunction (60), we sought to
determine the contribution of LF and EF to hBMEC barrier
integrity during infection by monitoring changes in transendo-
thelial electrical resistance (TEER) across hBMECs and cell
monolayer integrity (reactance) in real time by ECIS (Applied
BioPhysics, Troy, NY). As described in Materials and Meth-
ods, hBMEC monolayers were seeded on electrode arrays until
a stable resistance of 800 � was reached. Subsequent infection
with B. anthracis Sterne or the �LF mutant resulted in a
decrease in TEER to 50% of that for the uninfected control in
�3.5 h (Fig. 1A). A significant and marked delay in TEER
reduction, with a mean time of 5 h until TEER is 50% of that
of the control, was observed following infection with the
�LF/EF or �EF mutants (Fig. 1A). This loss of TEER pre-
cedes the loss of cells attached to the electrode (as measured
by reactance) by 16 to 30 min for the �LF mutant and B.
anthracis Sterne, compared to 72 to 102 min for the �EF and
�LF/EF mutants (Fig. 1B). This suggests that bacterial infec-
tion disrupts tight junction formation and barrier function
prior to the eventual loss of cell monolayer integrity and that
the EF toxin component promotes this disruption.

The protein ZO-1 is a primary regulatory protein of tight
junction formation in the BBB (3, 10). To determine if the
observed decrease in barrier integrity resulted from a dis-
ruption of hBMEC intercellular contacts, we quantified the
expression and distribution of ZO-1 following infection with
B. anthracis Sterne or the �LF or �EF mutant strains. Im-
munofluorescence staining showed an overall reduction and
disruption of ZO-1 staining at the hBMEC intercellular
junctions when cells were infected with B. anthracis Sterne
or the �LF mutant compared to that observed in the me-
dium control or during infection with the �EF strain (Fig.
1C to G). Further, we observed no difference in cell mono-
layer density during these infections (data not shown). Su-
pernatants from these infections were also harvested to
quantify cytotoxicity by LDH release, and no significant
difference was observed following infection of all strains,
suggesting that the differences in ZO-1 staining and barrier
integrity were not a result of increased cell death (data not
shown). Taken together these results suggest that during
anthrax infection the EF toxin component contributes to
ZO-1 and endothelial cell disruption.

FIG. 1. EF contributes to decreased hBMEC barrier integrity and ZO-1 staining. ECIS measurements of TEER (A) and reactance (B).
hBMECs were grown to confluence in ECIS arrays, and B. anthracis Sterne or isogenic toxin mutants were added to the monolayer at time zero.
Impedance was recorded at 11 frequencies, and TEER was calculated as described in Materials and Methods. Cell viability and monolayer integrity
were measured by the reactance at 64 kHz. Experiments were performed in duplicate, normalized to the mean for the control, and shown as
means � SEMs. (C to G) Tight junction ZO-1 staining in hBMECs. Immunofluorescence of ZO-1 and DAPI staining of monolayers incubated
with cell culture medium, which served as the uninfected control (C), Sterne (D), �LF mutant (E), or �EF mutant (F). (G) ZO-1 fluorescence
was quantified by pixel pattern correlation as described previously (16). Statistically significant differences are relative to the uninfected control.
Error bars indicate 95% confidence intervals of mean values from three wells. **, P 
 0.005; ***, P 
 0.001.
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Lethal toxin promotes invasion of brain endothelium. The
ability of meningeal pathogens to directly enter or invade brain
endothelium and pass through the BBB transcellularly repre-
sents another strategy for breaching the BBB during the de-
velopment of bacterial meningitis (29). We have previously
shown that B. anthracis Sterne is able to adhere to, directly
invade, and transmigrate through brain endothelium and that
this effect is partially dependent on the anthrax toxins (58). We
next sought to determine the contribution of individual toxin
components, LF and EF, in mediating B. anthracis Sterne
adherence and invasion of BBB endothelium in vitro. hBMECs
were grown to confluence and infected with B. anthracis
Sterne, �LF/EF, �LF, or �EF strains. Data are expressed as
the percentage of adherent or intracellular CFU recovered
compared to the initial input inoculum. No significant differ-
ence in adherence was observed between the strains (Fig. 2A);
however, infection with �LF/EF or �LF mutants resulted in a
marked decrease in the number of invasive CFU compared to
the number of B. anthracis Sterne or �EF mutant invasive
CFU (Fig. 2B). When the percentages of adherent organisms
that subsequently go on to invade hBMEC were compared, we
observed a reduced level of invasion of the adherent popula-
tion during infection with the �LF/EF (1.2%) and �LF (1.7%)
mutants compared to that during infection with B. anthracis
Sterne (6.23%) and the �EF mutant (4.8%) (Fig. 2C). To
further demonstrate the contribution of LT in promoting B.
anthracis Sterne invasion, we pretreated confluent monolayers
of hBMECs with purified LT and quantified the percent inva-

sion of B. anthracis Sterne and the �LF mutant. A significant
increase in �LF invasion was observed when hBMECs were
pretreated with LT compared to untreated hBMECs (Fig. 2D).
This increase in invasion was specific to B. anthracis Sterne, as
the noninvasive bacterium B. thuringiensis did not exhibit an
increase in invasion in the presence of LT. These results dem-
onstrate that LF plays a specific role in facilitating B. anthracis
Sterne hBMEC invasion.

Once it is translocated into cells, LF has been shown to
cleave MEKs 1 through 7 (except MEK5) disrupting the acti-
vation of the MAPK pathways via extracellular signal-regu-
lated kinase 1 (ERK1), ERK2, p38, and c-Jun N-terminal
kinase (JNK) (4, 15). We hypothesized that disruption of the
MAPK pathways by LT may modulate bacterial uptake, result-
ing in increased bacterial invasion. Previous studies with other
cell types have shown that the action of LT can be replicated by
treating cells with MEK and MAPK inhibitors (2, 31, 34, 60,
61). In addition, inhibition of MEK1/2 (upstream activator of
ERK1/2) and p38 has been shown to induce lung endothelial
barrier dysfunction similar to what is observed during treat-
ment with LT (60). To examine whether inhibition of MAPK
pathways can affect B. anthracis Sterne invasion, hBMECs
were pretreated with a potent inhibitor of MEK1/2 (UO126) or
p38 (SB202190) prior to the addition of bacteria. Both B.
anthracis Sterne and the �LF mutant exhibited an increase in
invasion following hBMEC pretreatment with UO126 or
SB202190 (Fig. 2E), suggesting that inhibitors of the MAPK
pathway mimic the action of LT to enhance bacterial uptake.

FIG. 2. LF contributes primarily to B. anthracis Sterne invasion of brain endothelium. Adherence to (A) and invasion of (B) hBMECs by B.
anthracis Sterne and the isogenic �LF/EF, �LF, and �EF mutants. Data are expressed as the total number of cell-associated or intracellular CFU
recovered compared to the input inoculum (at an MOI of 1 	 �1 � 105). (C) Level of adherent organisms that successfully invaded. Data are
expressed as the percentage of invasive CFU recovered compared to the total number of cell-associated bacteria recovered for B. anthracis Sterne
and the �LF/EF, �LF, and �EF mutants. (D) Percent invasion of hBMECs by B. anthracis Sterne and the �LF mutant in LT-treated and
nontreated hBMECs. Statistically significant differences are relative to infection with the Sterne strain. Error bars indicated 95% confidence
intervals of mean values from three separate experiments. B.t., B. thuringiensis. (E) Percent B. anthracis Sterne and �LF mutant intracellular CFU
in MEK1/2 or p38 inhibitor-treated hBMECs relative to the number of dimethyl sulfoxide-treated cells. Experiments were performed in triplicate,
normalized to the mean obtained using the Sterne strain, and shown as the mean � SEM. Error bars indicate 95% confidence intervals of mean
values from three experiments. *, P 
 0.05; **, P 
 0.005; ***, P 
 0.001.
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Anthrax toxins affect intracellular survival and induce au-
tophagy. Following bacterial invasion, intracellular survival of
bacteria within brain endothelial cells is required for subse-
quent transcytosis and traversal of the BBB. To assess whether
toxin production contributes to intracellular survival after bac-
terial entry, we performed a modified invasion assay in which
the intracellular bacteria were quantified at different time
points after addition of antibiotics to kill extracellular organ-
isms. Following a 2-h infection with B. anthracis Sterne, �LF/
EF, �LF, or �EF strains, the intracellular CFU were enumer-
ated at 15 min and 1 and 2 h after antibiotic treatment. Data
are expressed as the number of recovered intracellular CFU
relative to that recovered following the 2-h invasion time after
the 15-min antibiotic treatment (referred to as time zero). The
numbers of recovered intracellular CFU remained relatively
constant during infection with the �LF/EF, �LF, or �EF
strains compared to those during infection with B. anthracis
Sterne, which exhibited a significant decrease in intracellular
organisms at 1 and 2 h postinfection (Fig. 3A). These results
suggest that toxin expression may limit B. anthracis survival
within hBMECs.

To survive intracellularly, bacteria must employ various
strategies to resist the host cell defense system, including re-
sistance to phagolysosome and autophagic killing. Our obser-
vation prompted us to examine the bulk degradative au-
tophagic pathway which can be induced during microbial
infection as a mechanism to eliminate intracellular pathogens
and/or toxins (11). Autophagy is a physiologic process whereby
cytoplasmic components, including organelles and intracellular
microbes, are engulfed by a double membrane structure and
targeted for destruction by fusion with a lysosome. Upon ini-

tiation of autophagy, the cytosolic LC3-I form is converted to
the LC3-II form, which is covalently linked to phospholipids
and associated with autophagosomal membranes (28). When
GFP is fused to the N terminus of LC3, the GFP-LC3 is
diffusely distributed in the cytosol, but upon proteolysis of the
C terminus and lipidation, it is recruited into autophagosomes,
which are evident as microscopic specks, or punctae. The ex-
tent to which GFP-LC3 is recruited into punctate structures
correlates very well with the extent of autophagy and is
now regarded as a reliable indicator of autophagy (24, 26,
48, 55).

Recently, it was shown that intoxication of macrophages
with purified LT induced autophagy, suggesting that autophagy
functions as a defense mechanism against LT-mediated tox-
emia (55). To investigate whether autophagy is induced in
hBMECs in response to toxin production during infection with
live bacteria, we monitored and quantified GFP-LC3 puncta
following a 2-h infection with B. anthracis Sterne or the toxin-
deficient mutants. A significant increase in the percentage of
hBMECs with high numbers of GFP-LC3 punctae was ob-
served when they were infected with B. anthracis Sterne com-
pared to the �LF/EF, �LF, and �EF strains or the uninfected
control (Fig. 3B to H). Of note, under the conditions tested in
this assay, we observed no significant difference in LDH re-
lease in hBMECs during infection with the parental and mu-
tant strains (data not shown). These results demonstrate that
the observed increase in autophagy during B. anthracis infec-
tion is mediated by both toxin complexes. This finding is con-
sistent with the observed decrease in the number of B. anthra-
cis Sterne intracellular CFU, suggesting that intracellular B.

FIG. 3. LF and EF promote decrease in B. anthracis Sterne survival in hBMECs. (A) Survival of B. anthracis Sterne, �LF/EF, �LF, and �EF
in hBMECs. (B) Quantification of GFP-LC3 puncta. Data from a representative experiment are shown; error bars indicate 95% confidence
intervals of mean values from at least three wells. (C to H) GFP-LC3 distribution in hBMECs. GFP-LC3 puncta were quantified from hBMECs
treated for 2 h with culture medium (C), 5 �M rapamycin (D), B. anthracis Sterne (E), �LF/EF mutant (F), �LF mutant (G), or �EF mutant (H).
*, P 
 0.05; **, P 
 0.005; ***, P 
 0.001.
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anthracis Sterne is targeted to the autophagic pathway at early
stages of infection.

Contribution of anthrax toxins to development of meningi-
tis. Our results thus far suggest that both anthrax toxins con-
tribute to different aspects of BBB disruption and penetration
in vitro. We hypothesized that these in vitro phenotypes would
translate into a diminished ability to penetrate the BBB and
produce meningitis in vivo. Using our established murine
model of hematogenous anthrax meningitis (58), we infected
mice intravenously with B. anthracis Sterne, �LF, or �EF
strains (n 	 10 per group). Infection with B. anthracis Sterne
resulted in complete mortality, while all of the �LF-infected
mice survived (Fig. 4A). Interestingly, mice infected with the
�EF mutant exhibited a significant delay in mortality of 2 to 5
days postinfection (P 
 0.0001; Fig. 4A). In subsequent exper-
iments, mice were similarly infected (n 	 6 per group) and
euthanized at 43 h postinfection, after which time blood and
brain and were harvested from each mouse for quantitative
bacterial culture and histopathologic analysis. All mice in-
fected with B. anthracis Sterne or the �EF mutant had statis-
tically significantly higher bacterial counts in the brain, while
no bacteria were recovered from the brains of mice infected
with the �LF mutant (Fig. 4B). No difference in the number of
CFU in the blood was observed between the strains at the time
that tissues were harvested (Fig. 4B). Additionally, we ob-
served no significant difference in mouse whole-blood survival
assays performed ex vivo between B. anthracis Sterne and the
toxin-deficient mutants (data not shown). Microscopic exami-
nation of the brain tissues from representative mice infected
with B. anthracis Sterne or the �EF mutant showed an influx of

inflammatory cells and substantial hemorrhaging (Fig. 4C and
E), whereas the brains of mice from infected �LF mice exhib-
ited normal brain architecture (Fig. 4D). These results suggest
that the LT complex plays a more prominent role in facilitating
BBB penetration and the development of meningitis in vivo.

DISCUSSION

Previous studies have demonstrated the important contribu-
tions of anthrax toxins to the development of disease patho-
genesis (18, 39–41). In this study, we used isogenic �LF and
�EF mutants to characterize the contribution of the individual
anthrax toxins, LT and ET, to BBB disruption, invasion, traf-
ficking, and the development of anthrax meningitis in the con-
text of a live bacterial challenge. Our results suggest a distinct
role for ET in modulating brain endothelial integrity by dis-
rupting the intercellular contacts and one for LT in promoting
both invasion and penetration of the BBB, leading to coloni-
zation of the CNS. Both toxins were shown to induce the
autophagy response in hBMECs that may act initially to limit
intracellular growth of the pathogen. The results presented in
this study demonstrate that both toxins contribute to virulence
and BBB penetration but that LT plays a more prominent role
in anthrax disease progression.

The endothelial barrier is a structural and functional barrier
that protects the brain from microorganisms and toxins circu-
lating in the blood (29). Pathogenic microorganisms have ex-
ploited several mechanisms to penetrate through host cell bar-
riers, including disrupting the integrity of the cellular barriers
through the action of secreted bacterial toxins (14, 16, 32, 35,

FIG. 4. Contribution of LF and EF to development of anthrax meningitis. (A) Kaplan-Meier survival curve of CD-1 mice upon infection with
B. anthracis Sterne, �LF, or �EF. Mice were injected intravenously with 1 � 106 CFU of bacteria, and survival was monitored at least twice a day
over a 4-week period. (B) LF contributes to BBB penetration in vivo. Bacterial counts from the blood and brains of CD-1 mice 43 h after
intravenous infection with 1 � 106 CFU of B. anthracis Sterne, �LF mutant, or �EF mutant. Lines represent mean numbers of bacterial CFU.
Experiments were performed at least twice, and results of a representative experiment are shown. (C and E) Histopathology of hematoxylin-and-
eosin-stained brain tissues of representative individual mice infected with B. anthracis Sterne (C) showing meningeal thickening and cellular
infiltration. (D) Brain of a mouse infected with the �LF mutant showing normal meningeal pathology with some cellular infiltration. (E) Brain of
a mouse infected with �EF showing meningeal inflammation, cellular infiltration, and hemorrhage. *, P 
 0.05; ***, P 
 0.001.
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49, 52, 58, 60). Many aspects of anthrax disease can be attrib-
uted to the secretion of the anthrax toxins ET and LT. Purified
preparations of LT have been shown to induce vascular col-
lapse and subsequent hypoxia-mediated toxicity in mice (39)
and disrupt lung endothelial and epithelial barrier integrity
(34, 60) but do not account for renal dysfunction and hemor-
rhage of the gastrointestinal tract, lymph nodes, or meninges
(18). The contribution of ET to anthrax disease is less clear,
since obtaining significant quantities of recombinant ET has
been difficult (18). In the present study we found that in the
context of a live bacterial challenge, disruption of both barrier
function and ZO-1 distribution was mediated primarily by ET
and not LT. These results may differ from the previously re-
ported results mentioned above because our studies primarily
utilized live organisms as opposed to purified toxins. However,
our results are consistent with those of recent studies using
bacterial infection and purified ET toxin, where ET was found
to contribute to disruption of the endothelial barrier in vitro, as
measured by permeability to Evans blue dye, and to vascular
effusion and pulmonary edema in vivo (23). Overall, our results
suggest a principle role for ET in disruption of the integrity of
the BBB endothelium.

Transcellular traversal of the BBB has been demonstrated
for most meningitis-causing bacteria, such as Streptococcus
agalactiae (44), Escherichia coli (30), Staphylococcus aureus
(51), Streptococcus pneumoniae (50), and B. anthracis (58).
Successful traversal of the BBB requires a pathogen to adhere,
invade, and survive within brain endothelial cells. In the pres-
ent study, we observed a marked decrease in invasion with the
�LF isogenic mutant and that pretreatment of hBMECs with
purified LT or chemical inhibitors of MAPK signaling path-
ways restored invasion levels close to those of the parent B.
anthracis Sterne strain. This effect was specific, as LT did not
induce uptake of the normally noninvasive but related strain
Bacillus thuringiensis. Thus, our results suggest that LT activity
promotes B. anthracis Sterne invasion. Although the mecha-
nism is not entirely clear, it likely involves the MAPK signaling
pathway. Modulation of this pathway has been shown to con-
tribute to the invasive ability of other bacterial pathogens such
as Pseudomonas aeruginosa (17), Listeria monocytogenes (56),
and Chlamydia pneumoniae (8). In addition, it has been spec-
ulated that LT affects the integrity of host cell barriers by
promoting expulsion of single senescent cells from the mono-
layer and hindering cytoskeletal repair through MAPK inhibi-
tion rather than disrupting tight junctions or producing mas-
sive cell death (34). This expulsion may result in the exposure
of host cell surface receptors that promote bacterial invasion,
as is seen with L. monocytogenes (46). Whether or not this
mechanism is operating during B. anthracis invasion of BBB
endothelium, as well as the identification of a host cell recep-
tor(s), requires further investigation.

Successful traversal across host cell barriers requires the
pathogen to survive within host cells. B. anthracis Sterne has
been shown to penetrate the BBB in vivo, and expression of the
anthrax toxins was essential for this transmigration (58). In this
study, we assessed the ability of B. anthracis Sterne to survive
within hBMECs and the contribution of the toxins to this
effect. We observed a significant decrease in the numbers of
intracellular CFU during the early stages of B. anthracis Sterne
infection, followed by an increase in the numbers of the intra-

cellular CFU at later time points. The decrease in the numbers
of intracellular CFU was dependent on the expression of the
anthrax toxins, since infection of hBMECs with either �LF or
�EF mutant strains resulted in a relatively constant intracel-
lular bacterial pool. These results demonstrate that intracellu-
lar survival of B. anthracis Sterne within the brain endothelium
may be affected by toxin expression.

During bacterial infection, host cells can invoke autophagy
as a mechanism to eliminate intracellular pathogens and/or
toxins; however, this process can also be exploited by microbes
for survival and replication and can lead to host cell death (11).
Recent studies have shown the induction of autophagy by host
cells in response to secreted toxins from Vibrio cholerae (24),
Helicobacter pylori (57), and B. anthracis (55) presumably to
enhance cytoplasmic clearing by diverting toxins to the au-
tophagosome, where they are then degraded after subsequent
lysosomal fusion. In the present work, we investigated whether
autophagy was invoked by hMBECs in response to the toxins
secreted during bacterial infection and whether this induction
limited the intracellular survival of B. anthracis Sterne within
hBMECs. Using live bacteria, we demonstrated that B. anthra-
cis Sterne infection induced autophagy in brain endothelial
cells in a toxin-dependent manner. Our results further suggest
that the induction of autophagy during B. anthracis Sterne
infection may function as a cellular defense mechanism leading
to a decrease in the intracellular population of B. anthracis
Sterne during the early stages of infection. However, at later
time points, B. anthracis Sterne is able to either avoid or utilize
the autophagic process, resulting in an increase in the intra-
cellular pool. These findings are in line with the mechanism
proposed for L. monocytogenes, where autophagy impaired
intracellular growth during the early stages of infection but at
later time points bacteria were able to evade autophagic sur-
veillance, resulting in an increase in intracellular growth (48).

We have previously shown that development of anthrax
meningitis is dependent on the expression of both anthrax
toxins (58). We next sought to determine the contribution of
each toxin to virulence by injecting mice with vegetative iso-
genic toxin mutants and monitoring survival. Our results dem-
onstrate that LT is the primary virulence factor; however, ET
was also less efficient at inducing mortality, suggesting a role
for the adenylate cyclase during lethal infection. These results
are in agreement with those obtained using spores injected
subcutaneously into mice. Spores of isogenic strains of B.
anthracis lacking LF or EF exhibited reduced virulence in a
murine model compared to the wild-type strain, suggesting
that both factors contribute to the disease process (47). Here
we assessed the contribution of each toxin to BBB penetration
in vivo during systemic infection of vegetative organisms by
killing all infected mice at 43 h postinfection and determining
dissemination to the brain. A complete absence of CFU was
observed in mice infected with the �LF strain, whereas mice
infected with B. anthracis Sterne or the �EF mutant exhibited
high CFU numbers. Microscopic analysis of brain sections
revealed that mice infected with �LF exhibited a normal brain
architecture compared to that of mice infected with B. anthra-
cis Sterne or �EF, which exhibited hemorrhaging and an influx
of inflammatory cells. These results suggest that LT is the key
virulence factor that promotes B. anthracis Sterne penetration
of the BBB into the CNS.
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In summary, our study determines the contribution of the
anthrax toxins to the pathogenesis of anthrax meningitis and
provides further insight into how these toxins function in the
context of the vegetative organism. We demonstrate a role for
ET in disrupting the barrier function of the BBB and a role for
LT in promoting B. anthracis Sterne invasion and BBB pene-
tration. Both toxins appear to limit B. anthracis Sterne intra-
cellular survival during the initial phase of infection through
the induction of autophagy; however, at later time points, B.
anthracis Sterne was able to overcome this host cell defense
mechanism. Finally, we show that both toxins contribute to
overall survival in a murine model of infection but that LT and
its role in promoting bacterial uptake play a more prominent
role in ultimate BBB penetration and the development of
meningitis. Our results suggest that LT may prove to be an
attractive target for therapeutic intervention during anthrax
disease.
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